The amount of lithium, x,",which can be intercalated in a graphitic carbon host is affected by the amount of turbostratic disorder in the host. Using electrochemical methods, we show that x," in Li C6 is given by x "=1 -P, where P is the probability of finding a random rotation or translation (turbostratic disorder) between adjacent graphite layers, implying that the interlayer spaces or galleries between randomly stacked layers do not host lithium ions. These "blocked " galleries inAuence the staged phases and the compositions of stage-1 (x ")and stage-2 (x~")materials. A simple model is proposed to explain the variation of the composition of the stage-2 phase, x, ", with P. 
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INTRQDUCTIC) N
The intercalation of lithium into graphite was discovered in the 1950's. ' After that, many studies focused on the staged phases ' that are formed during lithium intercalation in graphite and in graphitic carbon types. Safran concluded that the staging phenomenon is the result of the competition between interlayer repulsive and in-plane attractive interactions between the intercalated lithium.
Stage-n order is a sequence of n graphite sheets and one intercalate layer as shown schematically in Fig. 1 .
Recently, intercalated carbon types and graphites have found application in advanced "lithium-ion" batteries. In such cells, Li C6 is used as the anode and an intercalated transition-metal oxide, like LiCoOz, as the cathode. Developers of such batteries have noticed that the maximum amount of lithium which can be intercalated within the carbon, x ", depends on the crystal structure of the carbon. Furthermore, our own earlier work 6 showed how studies of the electrochemical intercalation of lithium in graphite can be used to determine the phase diagram of Li C6 as a function of x and temperature. As lithium intercalates into graphite a series of staged phases form as x increases. First, there is insertion of lithium into a dilute stage-1 phase, called 1', followed by a. erst-order phase transition to a stage-4 phase. For a range of x, the dilute stage-1 and stage-4 phases coexist. In the coexistence region, the chemical potential of lithium in the two phases is equal. Since the voltage of a lithium intercalation cell is given by V(x)= -p( )x/e, where p is the chemical potential of the intercalated lithium relative to metallic lithium, plateaus in V(x) are observed in two-phase regions. P=0.21, P =.07 Figure 3 shows the changes which occur in the diffraction patterns of the heated MCMB carbon series, and the excellent description of these patterns by the structure refinement program. The structural parameters, P, P"a, do02, L"and L, (Ref. 14) for all the carbon samples are listed in Table I . Figure 6 defines these quantities. Figure 7 shows x and x2& an x2~» plotted versus P for the carbon samples of Table I and Fig. 4 . Also shown is the prediction of the two models to be discussed later. It is clear that x zm» remainS close to 0.5 independent of P, and that x2, is dramatically reduced as P increases. How can this be explained?
The stage-2 phase forms because repulsion between intercalated islands in di6'erent layers make the lithium ions move as far apart as possible. When there are no blocked galleries due to turbostratic disorder (P =0), the galleries are alternately full (F) and empty (E) as shown in Fig. 8(a) . As P increases, x,"decreases as l P, sug-- Table I . Q' and E, other carbon types not included in Table I1 .6
1. (1) x "=1 Pand no lithium -is allowed in the blocked galleries; (2) full galleries cannot be adjacent to full galleries;
(3) the amount of lithium in the compound should be maximized subject to condition 2; (4) blocked galleries are randomly positioned. Using mathematical induction, and a matrix formalism, we obtain 1 -P x 2m ax 2 p and (1 P)-
The details of the calculation are given in the Appendix.
These expressions are plotted versus P in Fig. 7 as the dashed lines. The agreement is good at small P but poor (1 -P)(1 -2P) x~, =(1 -P) -x~, "= 2 -3P These expressions are plotted as the solid lines in Fig. 8 and agree well with the data for O~P~0.4. This suggests that it is unlikely for blocked galleries to be adjacent.
If blocked galleries cannot be adjacent, then we expect a reasonably well ordered stage-2 structure to form when P =0.5 and x2& =0.5. That is, superstructure peaks should be observable since the spacing between carbon layers bounding full and blocked galleries will differ. Using in situ x-ray diffraction, we studied the MCMB 2300 sample (P =0. 37) carefully in the range near x =0.5.
The in situ x-ray cell was equilibrated at V =0. 100 V, corresponding to x =0.47 in Fig. 4(b) for the MCMB 2300 charge curve. Figures 9(a) and 9(b) show the (002) peak for the carbon at 29=25. 1' and the (003) superlattice peak at 20=38. 2' due to the staged phase. The width of the superlattice peak is 620=3' which corresponds to a correlation length for the staged order of about 30 A. If the blocked galleries were randomly arranged, it is unlikely that the correlation length could be so large. Therefore we believe that the blocked galleries tend not to be adjacent. This in turn, implies that turbostratic disorder in graphitic carbon is relieved in an unexpected way. That is, for P less than 0.5, it is unlikely to find two sequential layer pairs both with turbostratic shifts between them.
The structure refinement program for disordered car- bons' '" assumes that turbostratic shifts cannot be found between adjacent layer pairs because an AB stacked twolayer package is used as the basic unit in the model applicable to high-temperature soft carbon types. Based on our work above, it appears this assumption may be correct and perhaps this is part of the reason for the excellent agreement between the calculation and the data shown in Fig. 3 .
DISCUSSION
We have studied the effect of stacking disorder on the intercalation of lithium in soft carbon heated above 2200 C. We showed:
(1) Lithium is not inserted in the van der Waals space between layers which have a turbostratic shift between them. This conclusion was reached because x "=1 -P was experimentally determined. To introduce the correlation between galleries, two neighboring galleries are considered now. Assume that the probability that F is followed by F is A'&"", by E is 3(&' ', and by B is 2" , '. The probability that E is followed by F is 2' " by E is 3' ' and by B is 2' '. The probability that B is followed by F is 2 ', "; by E is A ', and by B is 2 ', '. Hence, the following is always true: So, the probability of finding filled galleries in an n-layer sample is (A4) n the probability of finding empty galleries is n (A5) and the probability of finding blocked galleries is (A6) for large n (approaching ce). In fact, the results of (A4) -(A6) are the measurables x~,",x2"and P, respectively. Two models are developed next to simulate the compositions of stage 2 and stage 1.
Model 1
A random distribution of blocked galleries is assumed (refer to Fig. 8 ). Consider two consecutive galleries labeled A and B. We assume, if A is filled, there will be probability P" for B to be blocked and a probability (1 P") for B to be empt-y. If 2 is empty, there will be probability P" for B to be blocked and a probability (1 P") for B to be filled. Fig. 8 ).
Consider two consecutive galleries labeled A and B. If A is filled, there will be probability P" for B to be blocked and a probability (1 P") for B -to be empty. If 3 is empty, there is a probability P" for B to be blocked and a probability (1 P" ) for B -to be filled. If A is blocked, the layer B is always filled. Hence, the generation matrix is M= 1 -P" 1 -P" P" The probability P to find a blocked gaHery is Pl I 1+P" "=P .
Using Eqs. (A4) and (A5) we find 1 (1 -P)' (1+P" )(2 -P" ) 2 -3P 1 P"
(1 -P)(1 2P )--(1+P")(2 -P") 2 -3P In Fig. 7 
